A New Model of Temporary Focal Neocortical Ischemia in the Rat
Alastair M. Buchan, MD, FRCPC; Dong Xue, MD; and Andrew Slivka, MD Background and Purpose: We describe a new rat model of temporary focal ischemia that produces neocortical ischemia without the need for prolonged anesthesia.
Methods: Temporary focal cerebral ischemia was initiated during halothane anesthesia, maintained for varying periods without anesthesia, and reversed by clip removal requiring brief anesthesia. Tandem carotid and middle cerebral artery occlusion for 1-4 hours and permanent occlusion were used to determine the duration and extent of ischemia necessary to produce predictable volumes of neocortical infarction in Wistar and spontaneously hypertensive rats.
Results T herapeutic trials for acute stroke due to thromboemboli have employed two different strategies. One is to protect ischemic neurons by interrupting physiological processes involved in cell death, such as calcium entry through voltageregulated or glutamate-regulated calcium channels.
1 " 4 The other involves restoring cerebral blood flow (CBF) by using hemodilution 56 or fibrinolytic agents such as tissue plasminogen activator. 7 -10 With the expanded use of thrombolytic agents in clinical trials for stroke, animal models of temporary focal cerebral ischemia will assume added importance, not only to the study of reperfusion injury but also to the definition of ways in which this injury can be attenuated therapeutically. Current temporary focal ischemic models in primates, dogs, and cats suffer from the large variability in the degree and distribution of ischemia induced in these species.
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The size and low cost of the laboratory rat makes it useful for stroke research. We describe a new rat model of temporary focal ischemia, which differs from the two previously described 1213 in that neocortical ischemia is produced without the need for prolonged anesthesia. We used this model to determine the duration of ischemia necessary to produce infarction in Wistar rats and spontaneously hypertensive rats (SHRs).
Materials and Methods
Male Wistar rats weighing 180-230 g and male SHRs weighing 230-280 g were fasted for 18 hours before surgery. Animals were initially anesthetized with 3% halothane mixed with 70% N 2 and 30% O 2 and were subsequently maintained on 1-2% halothane. The level of anesthesia was adjusted to maintain mean arterial blood pressure above 90 mm Hg during the surgical procedure for SHRs and above 60 mm Hg for Wistar rats. The tail artery was cannulated for physiological monitoring. Mean arterial blood pressure, blood gases (pH, Pco 2 , and Po 2 ), hematocrit, and serum glucose were measured before the onset of ischemia, during ischemia, at the time of reperfusion (if transient ischemia), and at the time the animals were killed. Body temperature was maintained at 37.5±0.5°C during surgery with a rectal thermistor coupled to a heating lamp (Yellow Springs Instruments, Yellow Springs, Ohio). In a pilot study with SHRs («=6) subjected to right common carotid artery (CCA) and middle cerebral artery (MCA) occlusion, brain temperature (IT-21 microprobe, Sensortek, Inc., Clifton, N.J.) during surgery was maintained at 36±1°C with warm saline irrigation. After the wounds were sutured, brain temperature was never more or less than 1°C different from rectal temperature.
The CCAs were isolated through a ventral midline neck incision, and a 4-0 surgical silk ligature was placed around each artery. A 1-cm incision perpendicular to and bisecting a line between the lateral canthus of the right eye and the external auditory canal was made. The underlying temporalis muscle was excised, and, under direct visualization, the right MCA was exposed through a 2-mm burr hole drilled 2-3 mm rostral to the fusion of the zygomatic arch with the squamosal bone. Drilling was done under a continuous flow of warm physiological saline. The MCA was visualized where it crosses the inferior cerebral vein, which lies within the rhinal fissure. This site is proximal to the MCA bifurcation, but distal to the origin of the lenticulostriate arteries. After obtaining physiological and CBF measurements, both the right and left CCAs were occluded in Wistar rats, and only the right CCA was occluded in SHRs. The dura overlying the MCA was then cut and retracted. A prototype #1 microclip (Codman, Boston, Mass.) ( Figure 1 ) was placed on the MCA, and flow interruption was observed. Wounds were closed with surgical clips, anesthesia was discontinued, and the animals were returned to their cages. Temperature was monitored and maintained with a heat lamp. Animals subjected to transient ischemia were reanesthetized at various time points after the onset of ischemia. Following verification of MCA occlusion, the clip was removed. Blood reflow in the MCA was visually verified, wounds were reclosed, and the rats were returned to their cages. All animals were killed 24 hours after the onset of CCA/MCA occlusion. Clip placement was inspected just before the animals were killed in those subjected to permanent CCA/ MCA occlusion.
Regional CBF was measured in the "core" ischemic region by using a laser Doppler flow meter (TSI, St. Paul, Minn.) at a single location, referred to as the core, which corresponds to the region that histologically becomes the center of the infarction. A 1-2-mm-diameter burr hole was drilled 3 mm dorsal to the site of MCA occlusion and 3 mm caudal to the bregma. The dura at the laser Doppler flow meter probe site was left intact. The laser Doppler flow meter probe (0.8 mm in diameter) was advanced by using a micromanipulator (Narishige Instruments, Tokyo, Japan) under microscopic guidance to a site free of large pial vessels. The probe was positioned to rest on the surface of the dura without indenting the cortex. Cerebral blood flow was measured prior to CCA/MCA occlusion (to calculate the baseline flow) and then just after CCA/MCA occlusion. The laser Doppler flow meter probe was repositioned as accurately as possible with the use of the Narishige micromanipulators so that after reanesthesia, relative flows could be measured before and just after reperfusion (if transient ischemia) and at the time the rats were killed (transient and permanent ischemia). Blood flows were recorded as the mean of the maximum and minimum recorded flows over a period of 5 minutes and were expressed as a percentage of preischemic baseline values. In experiment 1 the left and right CCA and the right MCA were permanently occluded in 19 Wistar rats. These animals were killed 3 hours («=7), 6 hours (n=6), or 24 hours (n=6) after CCA/MCA occlusion. The right CCA and MCA were permanently occluded in 30 SHRs. The SHRs were then killed 3 hours (n=7), 6 hours (n=7), 12 hours (n=8), or 24 hours (n=8) after CCA/ MCA occlusion. In experiment 2 Wistar rats were subjected to permanent right CCA occlusion and temporary left CCA and right MCA occlusion for 1 hour («=7), 2 hours (n=9), or 3 hours (n=6) and then reperfused for 23 hours, 22 hours, or 21 hours, respectively. SHRs were subjected to permanent right CCA occlusion and temporary right MCA occlusion for 1 hour («=8), 2 hours («=8), 3 hours (n=8), or 4 hours («=8) and then reperfused for 23 hours, 22 hours, 21 hours, or 20 hours, respectively.
Animals were anesthetized with halothane and decapitated 24 hours after CCA/MCA occlusion. Brains were rapidly removed from the cranium, frozen in isopentane, and cooled on dry ice. Coronal sections 20 ;u.m thick were cut at 500-^m intervals, fixed in 90% ethanol, and stained with hematoxylin and eosin. Cerebral infarction was defined histologically as those areas that had sustained pannecrosis. Sections were examined for neocortical selective neural injury by light microscopy. The infarcted area of each section was traced by using an image processing system (Image Pro 2, Media Cybernetics Inc., Silver Spring, Md.). Total infarct volume was calculated by summing the infarcted area of sequential sections and multiplying the sum by the interval thickness between sections. Image analysis was done by a technician who was blinded to the experimental groups.
Physiological variables, infarct volumes, and percentage changes in relative CBF are expressed as mean±SEM. Differences in infarct volume and CBF with increasing ischemic duration were examined with one-way analysis of variance and Student-Newman-Keuls test. p<0.05 determined statistically significant differences.
Results
Physiological variables for Wistar rats and SHRs subjected to permanent CCA/MCA occlusion (experiment 1) are presented in Table 1 . Results of physiological variables of SHRs exposed to 1, 2, 3, or 4 hours of temporary focal ischemia from experiment 2 are presented in Table 2 . No significant differences were found between any of the groups for blood pressure, arterial blood gases, glucose, hematocrit, or temperature, although there was a trend toward hypercarbia in those animals exposed to prolonged periods of transient focal ischemia.
Neocortical infarct volumes for permanent and transient focal cerebral ischemia (experiments 1 and 2) in Wistar rats and SHRs are presented in Table 3 . Infarction was confined primarily to the cortex, although in some animals small subcortical infarcts in the dorsolateral striatum were seen. A thin rim of ischemic injured neurons was seen microscopically around the infarct. In a maximal infarction, necrotic tissue stretched from the frontal cortex to the level of the superior colliculus on coronal sections, sparing the territory of the posterior and anterior cerebral arteries. In SHRs with permanent CCA/MCA occlusion, infarct volume (Table 3 ) after 3 hours of ischemia was significantly smaller than that at 12 and 24 hours (/?<0.05). Infarct volume 6 hours after ischemia was statistically smaller than that at 24 hours (p<0.05). There was no difference between infarct volume seen at 12 hours compared with that at 24 hours following CCA/MCA occlusion. Infarct volumes were comparable in the Wistar rats, with significant differences in volumes seen after 3 hours of ischemia (p<0.05) compared with those at 24 hours of ischemia, but there was no difference between 3-and 6-hour infarcts. Variation in infarct volume was greater in Wistar rats compared with SHRs (Table 3) .
One or 2 hours of transient ischemia in SHRs resulted in significantly less damage than that at 3 or 4 hours of transient ischemia. Three-and 4-hour transient ischemic insults (followed by 21 and 20 hours of reperfusion, respectively) were not different from each other or from those exposed to 24 hours of permanent ischemia. One hour of temporary ischemia in Wistar rats caused less damage than did 2 or 3 hours of temporary ischemia. Three hours of transient ischemia in Wistar rats resulted in infarct sizes comparable to those seen after 24 hours of permanent ischemia (Table 3) . Table 4 demonstrates that in the core ischemic region for both SHRs and Wistar rats, regional CBF was reduced to approximately 10% of baseline levels following CCA/MCA occlusion. At 12-24 hours regional CBF increased slightly, although significantly (p<0.05), to approximately 20% of baseline levels for SHRs.
In Table 5 , regional CBF in SHRs and Wistar rats subjected to 1, 2, 3, or 4 hours of temporary MCA occlusion are presented. In both Wistar rats and SHRs, regional CBF was reduced to approximately 10% of baseline levels during ischemia. There was an early trend toward increased regional CBF during ischemia, which became significant by the end of 4 hours of transient ischemia (/?<0.05). On reperfusion, transient hyperperfusion was quickly followed by stabilization of blood flows throughout the reperfusion period at approximately 80-100% of baseline levels.
Discussion
As initially described by Coyle 14 and subsequently by Shigeno et al 1516 and Brint et al, 17 the focal stroke model described in this study employs MCA occlusion distal to the lenticulostriate arteries and results in cortical ischemia. Only rarely is damage to the striatum observed. In our study both temporary and permanent CCA/MCA occlusion in SHRs produced neocortical infarction with little variability in size. Infarct size has been reported to be smaller and more variable in Wistar rats compared with SHRs following CCA/MCA or MCA occlusion.
1718 These differences in infarct volume between the two strains have been attributed to the inadequate collateral circulation in SHRs compared with normotensive Wistar rats. 19 " 21 To consistently obtain infarction in the Wistar strain, we occluded both CCAs together with the MCA, as has been reported by Chen et al. 22 Both our permanent and temporary Wistar rat experiments produced infarct sizes similar to those obtained with SHRs, but the variability of infarct size remained greater for Wistar rats.
The goal of this study was to develop a model of temporary focal cortical ischemia without the use of prolonged anesthesia. The temporal profile of neocortical infarction with reversible ischemia in the rat model previously reported employed a ventilated, anesthetized preparation that was maintained throughout the ischemic insult. 12 Our method of temporary focal ischemia allowed anesthesia to be discontinued at the beginning of ischemia, so that the animals were awake and freely moving during most of the ischemic period, only being reanesthetized just prior to reperfusion. A transient, focal cerebral ischemia model in the rat that does not require a craniotomy has recently been described, which also does not employ anesthesia during the ischemic period. 13 This model, however, produces primarily subcortical rather than cortical infarction.
Our results are in agreement with those anesthetized SHRs subjected to tandem unilateral CCA/ MCA occlusion, in which ischemia sustained for more than 1-2 hours resulted in infarction that proved maximal if ischemia persisted for 3-4 hours. 12 Although the consistency between the two studies suggests that anesthesia does not have a major effect on the rate of evolution or magnitude of infarction, the present model is technically easier to perform and allows for more physiological conditions during the period of ischemia. It also allows longer periods of temporary ischemia to be studied. The results obtained in Wistar rats with temporary left CCA/ right MCA and permanent right CCA occlusion were similar to those obtained with temporary right MCA and permanent right CCA occlusion in SHRs. Infarcts were present at 1 hour, were larger at 2 hours, and reached maximum after 3 hours of ischemia. In the Long Evans model of three-vessel occlusion in rats, 15 minutes of transient ischemia resulted in no damage and 30 minutes of ischemia produced only a very small infarct. By 45 minutes, a larger infarct was detected, one that became progressively larger by 90 minutes and was maximal by 2 hours of ischemia. 23 Irrespective of the model of temporary focal ischemia or whether primates, dogs, or cats are used, other studies examining the temporal profile of infarction are in general agreement with our results. Infarcts begin to appear within 1-2 hours and are maximal within 3-6 hours. 24 -29 In several studies, however, infarcts after 6-8 hours of ischemia are smaller than after permanent ischemia, 30 -32 and isolated animals were able to tolerate up to 6 hours of focal ischemia without infarction.
242529
After MCA reperfusion in both Wistar rats and SHR, CBF in the core region of ischemia was transiently increased above baseline and then stabilized at approximately 80% of baseline. Other studies in which CBF was measured after temporary MCA occlusion have also demonstrated rapid restoration of CBF to near normal or increased levels following reperfusion.
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This study also confirms other reports that infarct volume is maximal within hours after permanent MCA occlusion and thus, that cell death is not delayed for days as described following temporary global ischemia. In a subcortical infarct model in the rat, Nedergaard 35 reported that striatal infarction was well demarcated after 4 hours of permanent MCA occlusion, although infarct size was not quantified in that study. In a photochemical model of focal cerebral ischemia, infarct volume after 4 hours of ischemia was not significantly different than that after 24 hours of ischemia. 36 Our results suggest that infarct volume following permanent CCA/MCA occlusion was maximal within 12 hours of permanent occlusion. There was an increase in infarct volume between 3 and 12 hours and between 6 and 24 hours of permanent ischemia, reflecting a maturation process probably related to the accumulation of edema, which takes as long as 12 hours to complete. This time interval is distinctly different from the minimum duration of transient ischemia (3-4 hours) necessary to produce infarctions of the size seen with permanent ischemia.
The small variability in infarct size following permanent CCA/MCA occlusion was reflected in the consistent dramatic fall in CBF to the ischemic core to approximately 10% of baseline. Following CCA/ MCA occlusion, CBF increases slightly, but remains depressed for the duration of the occlusion. In other rat models of focal cerebral ischemia, CBF to the core ischemic region falls to 5-20% of baseline values following MCA occlusion.
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- 38 Nedergaard et al 37 reported decreased CBF for up to 20 hours following permanent MCA occlusion, although Bolander et al 38 found that CBF slowly returned to baseline levels in the ischemic core over days. The variability in infarct size following permanent MCA occlusion in other species probably reflects the variable changes in CBF observed following MCA occlusion. A relatively large infarct and comparable reduction in variability in the Wistar rat probably reflects the consistent and low rCBF to the core region that was maintained throughout ischemia in the Wistar rat by the tandem occlusion of both carotids and the MCA as first described by Chen. 22 A range of mild to severe decreases in CBF have been described following MCA occlusion in monkeys and cats.
-
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- 41 Varying postocclusion patterns have also been reported in monkeys and cats following permanent MCA occlusion, including a gradual increase in CBF over 96 hours, and early (within 4 hours) and late (2-3 days) postocclusion hyperperfusion.
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In summary, we have described a new model of temporary focal cerebral ischemia that produces consistent neocortical ischemia and that does not require prolonged anesthesia. Results obtained with this model regarding the temporal profile of ischemia necessary to produce infarction are in agreement with other temporary ischemic models in primates, dogs, cats, and rats. Furthermore, this model, when used in both SHRs and Wistar rats, produces infarcts with little variability in size, making this a useful model to study neurotransmitter-mediated events and electrophysiological, CBF, and biochemical changes following reperfusion, as well as to evaluate potential therapeutic agents for reperfusion injury.
